Use of Ultrasound and Co-Solvents to Improve the In-Situ Transesterification of Microalgae Biomass  by Ehimen, Ehiaze A. et al.
 Procedia Environmental Sciences  15 ( 2012 )  47 – 55 
1878-0296 © 2012 Published by Elsevier Ltd. 
doi: 10.1016/j.proenv.2012.05.009 
The 1st Asia-Oceania Algae Innovation Summit (AOAIS-1)
Use of ultrasound and co-solvents to improve the in-situ 
transesterification of microalgae biomass
Ehiaze A. Ehimena,b, Zhifa Suna
aPhysics department, University of Otago, Dunedin 9016,New Zealand
*, Gerry C. Carringtona
bDepartment of Energy Technology, Aalborg University, 6700 Esbjerg, Denmark
Abstract
The conversion of microalgae lipids to biodiesel has been increasingly investigated, with the use of the in-situ 
transesterification method reported in the literature to lead to improved alkyl ester conversions for this feedstock 
compared with the use of the conventional two staged oil extraction and transesterification process. To further 
improve the feasibility of the use of the in-situ method, this paper investigates modifications to reduce the large 
process methanol requirements, and potentially improve the oil to methyl esters conversion and biodiesel yields. The 
results obtained showed that use of ultrasound agitation for the in-situ process, as well as combining this stirring 
regime with co-solvent use (n-pentane and diethyl ether) significantly improved the Chlorella oil to methyl esters 
conversion with reduced reacting methanol volumes.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of International 
Organizing Committee for AOAIS-1
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1. Introduction
The commercial production of microalgae derived biodiesel is still in the research and developmental 
stages, mainly due to the current prohibitive high costs associated with the biomass production and fuel 
conversion process [1]. Schemes such as improving the biomass productivities, photo-bioreactor 
optimisation and research into alternative microalgae-biodiesel conversion technologies have been 
increasingly investigated. This paper looks further at the use the alternate one-step in-situ 
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transesterification process for the production of biodiesel from microalgae biomass as described in [1].
The application of the one step in-situ transesterification method for biodiesel production has been 
discussed to potentially lead to the reduction of the energetic, raw material and economic process 
requirements when compared to the use of the conventional oil extraction and transesterification process 
[2].
This paper investigates the possibility of reducing the large reacting alcohol volumes (molar ratio of 
reacting alcohol to Chlorella oil of > 350:1) described in [1] to be required for the in-situ 
transesterification process to obtain high fatty acid methyl ester (FAME) yields. To achieve this goal, this 
study examines the effects of the use of low frequency ultrasound and the addition of co-solvents for the
in-situ transesterification of microalgae biomass.
The application of ultrasonic stirring to improve transesterification yields and reduce reaction times 
has been reported in the literature for the conventional alkaline catalysed transesterification of various 
extracted biomass oils [i.e. 3-4]. This is due to the possibility for increased mass transfer between the 
immiscible liquid phases. The oil-alcohol phase boundary was reported to be disrupted due to the collapse 
of ultrasonically induced cavitation bubbles, in turn leading to an accelerated alkyl ester formation [4]. No 
reports on the use of ultrasound stirring with acid catalysts or/and using the in-situ transesterification 
process with microalgae as the reaction feedstock were however found in the literature.
The primary aim of investigating ultrasound mixing for the in-situ process in this study was to assess 
the extent to which the reacting alcohol volumes could be reduced. The investigation was aimed at also 
providing useful information on how the percentage mass oil to FAME conversion efficiency, biodiesel 
yields and reaction times would be affected.  Furthermore, the use of co-solvents in the in-situ 
transesterification process was also explored in this study.
Reducing the reacting alcohol volumes and improving the FAME yields from the in-situ 
transesterification of microalgae biomass are primary aims of this paper. To meet these aims, the 
integration of co-solvents in the in-situ process was proposed. It is expected that the added co-solvents 
(i.e. heptane) would assist in the extraction of the biomass lipids in conjunction with the 
transesterification alcohol (methanol) by improving the diffusion of the microalgae lipids across the cell 
wall. This is facilitated by increasing the selectivity (and solubility) of the extraction media, hence 
providing greater availability of the oil for the transesterification process [5].  The reduced methanol 
volumes, still available in quantities higher than that stoichiometrically required, would then allow for the 
conversion of the microalgae lipids to FAME.
The integration of co-solvents for the acid catalysed in-situ transesterification of microalgae biomass 
was initially demonstrated in [6] which examined biodiesel production from wet (80% moisture content, 
w/w) and freeze dried Schizochytrium limacium biomass. That study was predominantly aimed at 
comparing the effect of co-solvent use and type (chloroform, hexane and petroleum ether) on biodiesel 
and FAME production compared with the conventional transesterification process using methanol alone. 
The study utilised a fixed volume of reacting methanol for all the experiments [6]. That study results 
showed that for freeze dried microalgae, an increase in the crude biodiesel yields was obtained using the 
co-solvents in the in-situ process compared to the conventional method [6]. However, only the in-situ 
experiments using chloroform as a co-solvent were demonstrated to lead to higher mass percentage 
conversion of oil to FAME (w/w) of 72.8%, compared with 10.5% and 11.1 % shown with the use of 
hexane and petroleum ether respectively [6]. This study investigates the potential gains obtainable with 
the use of other common co-solvents for the in-situ transesterification of microalgae lipids. The potential 
improvements that could be obtained with the combination of co-solvent use and ultrasound agitation for 
the in-situ process was also examined.
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2. Materials and methods
2.1. Ultrasound agitated in-situ transesterification
The microalgae biomass (Chlorella sp.) was sourced, cultivated, harvested and dried for use as 
previously described in [1]. The Chlorella oil content and composition was same as in [1]. The in-situ 
transesterification of the Chlorella biomass samples was carried out using a batch process similar to that 
described in [1]. This involved a fixed microalgae biomass input of 15.0 ± 0.1 g (dry weight), H2SO4
(0.04 mol) as the catalyst, and a process temperature of 60°C. 
The agitation of the in-situ experiments was performed using a low frequency ultrasonicator of 24 kHz 
(UP200S, Hieslcher Ultrasonics GmbH) with a maximum power rating of 200 W. This sonication 
frequency level and power rating was arbitrary selected due to the availability of the particular ultrasound 
generator in our laboratory. It was deemed suitable for the experiments in this study since similar 
frequency levels have been previously utilised in the literature [i.e. 3]. The ultrasound agitated reactor 
consists of an ultrasonic electric generator (sonifier) which converts the standard electricity line supply of 
50 Hz to high frequency electrical power at 24 kHz. The high frequency electrical energy is then fed to a 
transducer, which converts it to mechanical vibrations of the same frequency. The resulting vibrations are 
transmitted to the tip of the sonotrode horn, immersed in the transesterification mixture. The vibrations 
are transmitted to the reaction mixture, causing cavitations within medium, involving the continuous 
formation and collapse of microscopic bubbles.The ultrasonication set-up was used to investigate the 
effect of varying levels of reacting alcohol volumes on the biodiesel production process. The aim was to 
determine if the volume of alcohol required for the in-situ process could be reduced without negatively 
affecting the chemical conversion of Chlorella oil to FAME. In [1], it was shown that there were no 
significant improvements in the equilibrium FAME yields using the in-situ method, with molar ratios of 
methanol to Chlorella oil in the biomass > 315:1, at a reaction temperature of 60°C. A reacting 
methanol/oil ratio of 315:1 was then chosen as the base level at which further improvements to the 
process alcohol requirement would be examined in this paper.
The study of the influence of low frequency ultrasound and various alcohol volumes on in-situ 
transesterification of Chlorella oil involved the use of methanol/Chlorella oil molar ratios of 105:1, 210:1, 
and 315:1. This corresponds to the use of 20, 40 and 60 ml methanol for the in-situ transesterification of 
15 g dry Chlorella biomass. As in [1], 20 ml was chosen as the lowest methanol volume, since this was 
the minimum volume required to fully submerse the dried microalgae samples.The ultrasound assisted 
transesterification process was terminated after reaction times of 0.033, 0.066, 0.133, 0.25, 0.5, 1 and 2 h. 
This was carried out for each reacting methanol level. The minimum time of 0.033 h was selected since it 
was observed during the pre-experimental trials that a complete and uniform suspension of the reactor 
contents was attained after an ultrasonication time of 70 s. After the reaction period, the ultrasonicator 
was switched off and the biodiesel product extracted as described in [1].
The post transesterified microalgae residues were obtained (by filtration) with the FAME conversion 
determined with methods as described in [1]. The dried purified biodiesel product was weighed using a 
Mettler balance (± 0.1 mg accuracy) and the result expressed as g biodiesel/ g dry Chlorella biomass. 
With the knowledge of the mass oil to FAME conversions following the investigated transesterification 
process, this biodiesel weight was used to quantify the FAME yields (g FAME/ g dry Chlorella biomass).
The results obtained for the ultrasound agitated process were then compared with those for the 
mechanical agitated system (with a stirring speed of 500 rpm), as reported in [1].
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2.2. In-situ transesterification with co-solvents
The minimum molar reacting ratio of alcohol to oil used in the in-situ transesterification experiments 
was mainly dependent on the volume of alcohol required to fully submerse the solid biomass samples. 
The reduction of the reacting alcohol volumes was then examined using co-solvents in the in-situ 
transesterification process. This involved the combination of different proportions of the selected co-
solvents with the reacting methanol, to ensure complete submersion of the microalgae biomass in the 
liquid phase, while enabling reduced reacting alcohol to oil molar ratios. 
For the in-situ transesterification of 15 g dried Chlorella biomass, three volumes (5, 10 and 15 ml) of 
the selected co-solvents (n-pentane (C5H12) and diethyl ether ((C2H5)2O)) were tested. The use of these 
co-solvent levels corresponded to the use of reacting molar ratios of methanol to Chlorella lipids of 79:1, 
52:1 and 26:1 (i.e. 15, 10, and 5 ml methanol) respectively. The criteria used in the screening and choice 
of the co-solvents were largely based on those as put forward in [7]. Co-solvents such as chloroform, 
hexane, petroleum ether, toluene and dichloromethane were not considered in this study since they have
been previously used for the in-situ transesterification of microalgae biomass [6-7]. The in-situ 
experiments were conducted using the same reaction conditions as when the reaction was carried out 
using methanol containing acid catalyst alone as in [1] with a reaction temperature of 60°C. To prevent 
ebullition of the solvents, the experiments were carried out using screwed capped bottles as reactors in a
pressure controlled unit with an absolute reaction pressure of 300 kPa acting on the reacting vessels. This 
ensured that the co-solvents remained in a liquid phase throughout the transesterification process. The in-
situ transesterification reactors were mechanically agitated at 500 rpm using Teflon covered magnetic
stirring bars. The reaction was terminated after reaction times of 0.25, 0.5, 1, 2, 4 and 8 h. The biodiesel 
product was then extracted and purified, with the percentage microalgae oil to FAME conversion and 
biodiesel yields determined as in section 2.1.
2.3. Combining  ultrasound and co-solvents use for the in-situ transesterification process
An additional investigation was carried out to see if coupling co-solvent use with ultrasound agitation
for the in-situ process would result in any improvements in the FAME conversion with the in-situ process. 
The in-situ process was therefore conducted in a pressurised environment (300 kPa) using the different 
proportions of co-solvents to methanol with the same experimental methods described in section 2.2. 
However, instead of mechanically stirring the reactor contents, low frequency ultrasound mixing (24 kHz) 
was applied as in section 2.1. Dried Chlorella biomass (15 g) was used for the in-situ process with a fixed 
reaction temperature of 60°C. The reaction was stopped after 0.033, 0.066, 0.133, 0.25, 0.5, 1, 2 and 4 h. 
The produced biodiesel was extracted and purified as earlier, and the equilibrium percentage FAME 
conversion and biodiesel yields determined as described in section 2.1.
3. Results and discussions
3.1. The use of low frequency ultrasound for the in-situ process
The results for the mass percentage microalgae oil to FAME conversion obtained for the ultrasonic 
agitated in-situ experiments are shown in Fig.1, for three ratios of reacting methanol to oil and a range of
reaction times. The reaction temperature was fixed at 60°C with 0.04mol of H2SO4 as the acidic process 
catalyst.
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It was observed that with the use of ultrasound agitation (24 kHz), a reaction time of 2 h was required 
to achieve a maximum equilibrium mass FAME conversion of 99.0 ± 1.4% for all the different levels of 
reacting alcohol. Also, a 91.0 ± 2.8, 94.0 ± 4.2 and 96.0 ± 1.4% of the percentage mass oil to FAME 
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Fig. 1. Percentage mass FAME conversion with reaction time (h) for the ultrasound assisted (24 kHz) process compared with the 
mechanically stirred transesterification (15 g dry Chlorella biomass, 0.04 mol H2SO4 and reaction temperature of 60°C). 
 
conversion was obtained after a reaction time of 0.5 h using methanol/Chlorella oil molar ratios of 105:1, 
210:1 and 315:1 respectively. These results indicate that when low frequency ultrasound is used for the 
in-situ transesterification of Chlorella biomass, the use of the minimum methanol volume (20 ml) was 
sufficient for the conversion of the lipids to FAME with high efficiency. 
Under similar reaction conditions, the ultrasound agitated in-situ set up was seen to lead to significant 
increases in the percentage FAME conversion (w/w) when compared with the mechanically agitated 
process (Fig. 1). After a reaction time of 0.5 h, the percentage mass FAME conversion for the 
mechanically stirred system was 55.6 ± 10.8 % (using a methanol/oil ratio of 315:1). This was 
significantly less than the mass oil to FAME conversion of 91.0 ± 2.8% achieved for the ultrasonicated 
process with the use of a reduced molar ratio of methanol to oil of 105:1 with similar reaction times. 
The increased percentage mass FAME conversions obtained by the ultrasound assisted process may be 
due to the vigorous mixing speed. The increased speed would facilitate an increased mass transfer 
between the microalgae lipids and the reacting methanol, when compared to the mechanically stirred 
process. The local turbulences associated with acoustic cavitation could therefore assist in enhancing the 
transport processes, leading to a reduction (or elimination) of mass transfer resistances in the reacting 
system [8]. 
The formation and collapse of the cavitation bubbles encountered during the ultrasonication process, 
apart from the increasing the lipid extraction, may also contribute to the increased FAME content in the 
microalgae derived biodiesel. The generation of high local pressures of 
4000°C by the collapsing cavitation bubble was described in [9]. The local temperature in the vicinity of 
the formed or collapsed bubble was reported to change rapidly at a rate of > 110°C s-1 [8]. Due to these 
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conditions, the dissociation of the reactant vapours trapped in the cavities could lead to the formation of 
free radicals of the reacting species during the cavitation process [10]. These radicals may subsequently 
contribute to an acceleration of the formation of the transesterification products as achieved with the 
ultrasound assisted process.
Fig. 2. Percentage FAME content in biodiesel product (w/w) with time for the mechanically stirred in-situ process using diethyl 
ether and n-pentane as co-solvents (0.04 mol H2SO4 catalyst, reaction temperature of 60°C, reacting methanol/oil molar ratios of 
26:1, 52:1 and 79:1).
After a reaction time of 1 h, with the use of a methanol/oil ratio of 315:1, the biodiesel yield obtained 
for the ultrasound assisted in-situ process was determined to be 0.295 ± 0.003 g biodiesel/g dry Chlorella.
This biodiesel yield was higher than that obtained from the mechanically stirred in-situ experiment of 
0.269 ± 0.005 g/g dry Chlorella biomass under similar reaction conditions. 
This result was attributed to improved availability of lipids from the microalgae biomass facilitated by 
the cellular disruption by low frequency ultrasound, as opposed to the passive diffusion of the lipids 
across the microalgae cell walls under mechanical stirring. The mechanical effects facilitated by the local 
high kinetic energies produced during the ultrasonication process, as well as from the solid biomass 
particles being impinged on one another, could have assisted in the increased disruption of the microalgae 
cell wall. This could consequently increase the availability of the cellular lipids for participation in the 
transesterification process. This may explain the increase in the purified biodiesel yields over the 
mechanically stirred in-situ transesterification process. This explanation was supported by the results in 
[5], which showed improved lipid extraction from microalgae (Scenedesmus sp.) when ultrasound was 
applied, compared with the use of extraction solvents alone.
The improvements in the percentage mass oil to FAME conversions and biodiesel yields observed with 
the use of low frequency ultrasound compared to mechanical stirring could therefore be due to the 
combination of both these physical and chemical effects.
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3.2. The influence of integrating co-solvents in the in-situ process
The results for the percentage mass FAME content in the biodiesel product, depending on the different 
types and level of co-solvents used, are shown in Fig. 2.
The use of diethyl ether as an in-situ transesterification co-solvent was seen to lead to an increase in 
the mass content of FAME in the biodiesel (%) for all levels of methanol/oil molar ratios and reaction 
times, compared with the use of n-pentane. 
The maximum oil to FAME conversion of 79.9 ± 7.1% (w/w) was obtained with a reacting 
methanol/oil ratio of 79:1 using diethyl ether as the co-solvent, after a reaction time of 8 h. This result 
was similar to the percentage mass FAME conversion of 77.8 ± 7.7% observed with the use of a reacting 
molar ratio of methanol to oil of 105:1 alone for the in-situ process. Thus the use of this diethyl ether co-
solvent level, and its integration into the in-situ transesterification, assisted in achieving a reduction in the 
methanol process requirement without affecting the FAME conversion.
3.3. Influence of combining ultrasound stirring and co-solvent use
As a result of the reduction in the reacting molar alcohol requirement obtained with the use of the 
modifications applied to the in-situ process (i.e. use of ultrasound and co solvents separately), the 
combination of these schemes was further explored as described in section 2.3. Fig. 3 shows the results of 
the percentage mass oil to FAME conversion (as percentage FAME mass content in the biodiesel 
samples) obtained with the use of low frequency ultrasound with reacting molar ratios of methanol to oil 
of 26:1, 52:1 and 79:1. 
With ultrasound agitation, a 99% mass conversion of the Chlorella oil to FAME was observed using n-
pentane and diethyl ether, with an uncertainty of ± 2.6 and ± 3.6 % respectively. This involved the use of 
a reacting methanol/oil of 79:1 after a reaction time of 2 h. A similar percentage mass FAME content in 
the biodiesel samples was also achieved using a reacting methanol/oil molar ratio of 52:1 with diethyl 
ether as the co-solvent (Fig. 3). 
Fig. 3. Mass FAME conversion (%) with time for the ultrasonicated in-situ process using diethyl ether and n-pentane as co-solvents 
(0.04 mol H2SO4 as catalyst, reaction temperature of 60°C, molar methanol to Chlorella oil ratios of 26:1, 52:1 and 79:1).
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Table 1. Biodiesel and FAME yields obtained from the in-situ transesterification process using pentane and diethyl ether as co 
solvents (Chlorella biomass, 15 g:  catalyst, 0.04 mol H2SO4; process temperature, 60°C)   
With the use of a molar ratio of methanol to oil of 315:1, mechanical agitation at 500 rpm, and reaction 
conditions as described in [1], the percentage mass FAME conversion was 88.5 ± 3.4% after a reaction 
time of 8 h. This was 12% less than the average percentage mass FAME conversion obtained using a 
reduced methanol/oil molar ratio of 52:1 for the in-situ process with similar reaction conditions (with 
ultrasound stirring, diethyl ether as co-solvent, and a reaction time of 2 h). 
The combination of the ultrasound and co-solvent use was seen to result in significant improvements 
in the percentage mass FAME conversion and reaction times compared to the use of the reacting 
methanol alone for the mechanically stirred in-situ process.
The microalgae derived biodiesel and FAME yield for the mechanically agitated in-situ processes with 
co-solvents and reduced reacting methanol molar ratios were seen to be considerably lower (Table 1) than 
obtained using methanol alone as described earlier.
The use of low frequency ultrasound (24 kHz) was seen to significantly improve the biodiesel and 
FAME yields, with the reasons for the enhancement proposed to be same as have been previously 
reported in section 3.1.
With the use of ultrasound and co-solvents, it was found that the FAME yields from the in-situ 
transesterification process could be improved by 15-17% compared with the use of methanol and acidic 
catalysts alone, with a reduction in the molar ratios of the reacting methanol to oil reduced from 315:1 to 
79:1.
4. Conclusion
From the results obtained in this study, it was shown that it is feasible to reduce the large alcohol 
volumes required for the in-situ process using low frequency ultrasound for the reaction agitation. 
Increases in the percentage mass microalgae oil to FAME conversion were also obtained via this process 
modification. Further reductions in the transesterification methanol requirement were attained with the 
Co-solvent Reaction 
time (h)
Molar ratio of 
reacting methanol to 
oil
% mass FAME 
conversion
Biodiesel Yield (g 
biodiesel/g dry 
Chlorella)
FAME yield (g 
FAME/g dry 
Chlorella)
In-situ process (mechanically stirred, 500 rpm)
Diethyl ether 8 26:1 71.6 ± 10.6 0.270 ± 0.004 0.193 ± 0.021
8 52:1 70.2 ± 11.4 0.275 ± 0.002 0.193 ± 0.022
8 79:1 79.9 ± 6.3 0.283 ± 0.001 0.226 ± 0.014
Pentane 8 26:1 55.6 ± 14.1 0.268 ± 0.003 0.149 ± 0.021
8 52:1 68.8 ± 2.3 0.274 ± 0.001 0.188 ± 0.004
8 79:1 74.5 ± 12.5 0.277 ± 0.003 0.206 ± 0.026
In-situ process (ultrasonic agitation, 24 kHz)
Diethyl ether 2 26:1 92.8 ± 6.3 0.285 ± 0.004 0.265 ± 0.017
2 79:1 99.9 ± 3.6 0.297 ± 0.002 0.297 ± 0.011
Pentane 2 26:1 89.7 ± 7.1 0.290 ± 0.003 0.260 ± 0.019
2 52:1 99.9 ± 2.6 0.290 ± 0.004 0.290 ± 0.009
2 79:1 99.9 ± 2.6 0.293 ± 0.002 0.293 ± 0.005
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integration of co-solvents in the in-situ transesterification process.  N-pentane and diethyl ether were 
selected as co-solvents for use in this study. 
With the use of mechanical agitation for process stirring, the percentage FAME conversion (w/w)  
from the processes with co-solvents were observed to be less than that of the in-situ process using 
methanol alone.  The co-solvent assisted process however used reduced reacting methanol levels than the 
latter process set-up. The combination of the ultrasonic agitation and co-solvent use was shown to 
significantly increase the percentage mass oil to FAME conversion, biodiesel and estimated FAME yields 
with reduced reacting volumes of methanol used for the transesterification process.
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